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@ Method of manufacturing compound semiconductor apparatus.

@ A method of manufacturing a compound semiconductor
device has the steps of mirror-polishing a surface of each of
two compound semiconductor substrates (11, 12), bringing
the mirror-polished surfaces of the two compound semicon-
ductor substrates (11, 12) in contact with each other in a
clean atmosphere and in a state wherein substantially no
foreign substances are present therebetween, and annealing
the compound semiconductor substrates (11, 12) which are
in contact with each other so as to provide a bonded
structure having a junction with excellent electrical charac-
teristics at the interface.
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Method of manufacturing compound
semiconductor apparatus

The present invention relates to a method of
manufacturing a semiconductor device, and, more partic-
ularly, to a method of providing a bonded structure of
two compound semiconductor substrates.

A semiconductor device using a compound semi-
conductor such as GaAs has recently been attracting a
great deal of attention in the fields of super high
speed semiconductor devices and power semiconductor
devices. 1In order to fully utilize advantages of such a
compound semiconductor device, a technique for forming a
junction between semiconductor layers having different
impurities or conductivity types is required. Various
types of epitaxial growth methods are known to form such
a junction. However, it is very difficult to control
the thickness and impurity concentration of an epitaxial
layer within a wide range. For example, when a compound
semiconductor device exhibiting a high breakdown voltage
is manufactured, an epitaxial layer having a low impu-
rity concentration and a considerable thickness must be
formed in order to form a depletion layer and increase
the breakdown voltage.

Liquid phase epitaxy is known as a technique
for forming an epitaxial layer of a considerable thick-
ness. 1In accordance with liquid phase epitaxy, it is

comparatively easy to increase the thickness of an
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epitaxial layer. However, when a GaAs semiconductor

device is formed, it is difficult to form an epitaxial

layer having an impurity concentration of lO16 to

1017 /om3

cannot be controlled because of the high impurity

or lower. As a result, the avalanche voltage

concentration, and a breakdown voltage of more than
several tens of V cannot be obtained.

On the other hand, in accordance with vapor phase
epitaxy, the impurity concentration of an epitaxial

layer can be controlled to as low as about 1014 to

1015/cm3. However, it is very difficult to form an
epitaxial layer having a thickness of 10 to 20 um or
more. If the thickness of an epitaxial layer is small,
the punch-through voltage is low. Therefore, a break-
down voltage of only 200 to 300 V can be conventionally
provided.

Meanwhile, a junction between different types of
compound semiconductors having different band gaps can
be applied as a heterojunction to various semiconductor
elements. Various epitaxial growth methods are avail-
able for forming such a heterojunction. However, for
epitaxial growth, in accordance with the epitaxial
growth method, a semiconductor layer having a band
gap different from that of an underlying semiconductor
layer, the lattice constants of the semiconductor layers
must basically match. Only a very, small number of
combinations such as GaAs and AlGaAs can provide a gbod_
heterojunction. 1In many cases, crystal defects occur
due to a strain resulting from lattice mismatch, or a
barrier layer may undesirably form.

As another means for forming a heterojunction, a
technique for bonding semiconductor substrates of dif-
ferent types by hot pressing or fusion bonding is known.
However, the hot pressing requires high temperature and
high pressure, and the fusion bonding is accompanied
by fusion of the substrates. Therefore, many defects
occur in the substrates and a thick interlayer is formed
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at the bonded interface, impairing electrical charac-
teristics. When an impurity region is formed in one
substrate, it is almost impossible to maintain its im-
purity concentration distribution after bonding, since
a high temperature heating step is required.

It is an object of the present invention to provide
a method of manufacturing a compound semiconductor device
wherein two compound semiconductor substrates having
given impurity concentrations and thicknesses are bond-
ed, thereby forming a junction with good electrical
characteristics, irrespective of lattice constant
mismatch therebetween.

A method of manufacturing a compound semicon-
ductor device according to the present invention is
characterized by comprising the steps of:

mirror-polishing a surface of each of two compound
semiconductor substrates;

bringing the mirror-polished surfaces of the two
compound semiconductor substrates in contact with each
other in a clean atmosphere and in a state wherein
substantially no foreign substances are present there-
between; and

annealing the compound semiconductor substrates
which are in contact with each other so as to provide
a bonded structure.

The method according to the present invention will
be described in detail. _

Two semiconductor substrates are prepared and their
surfaces to be bonded are mirror-polished. The smooth-
ness and cleanliness of polished surfaces of the sub-
strates are significant in obtaining a bonded compound
semiconductor structure having good bonding strength
and a junction with good electrical characteristics in
accordance with the method of the present invention.
Surfaces of the substrates can be mirror-polished by
grinding and polishing using a conventional lapping
machine, and, more particularly, by mechano-chemical
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polishing used for polishing various types of semicon-

‘ductor substrates. The smoothness, e.g., the surface

‘roughness of the polished surfaces of the substrates
-]

is preferably less than 500 A, and more preferably less
than 50 i. Note that the surface roughness is given by
a maximum height (Rmax) determined in accordance with
JIS B-0601 (1982).

Then, normally, the polished surfaces of the
substrates are cleaned. Washing with water, alcohol,
organic solvent or the like and drying thereafter are
performed as part of a cleaning method. When the pol-
luted degree of the polished surface is high, degreas-
ing, preferably with boiling trichlene, is performed.

If an excessive natural oxide film is formed on the
polished surfaces for a long period of time after
polishing, it must be removed with boiling hydrochloric
acid. Washing with clean water and drying must be
performed after this treatment. Drying is preferably
performed using a spinner. After cleaning, no foreign
substance should be present on the polished surfaces of
the substrates. |

Thereafter, the polished surfaces of the substrates
are brought into contact with each other in a clean
atmosphere of class 1 or lower. Note that class 1
represents a degree of cleanliness wherein one dust
particle having a particle diameter of 0.5 ym or more
is present per cubic foot of atmosphere. If the polish-
ed surfaces are brought into contact with each other
long after washing and drying, the film thickness of the
natural oxide film of some compound semiconductors may
be too great, adversely affecting the electrical charac-
teristics of the junction. For this reason, the two
surfaces are preferably brought into contact with each
other within five minutes of washing and drying.

When the substrates are annealed at a temperature
of 200°C or higher, but below the melting point of the
substrates, while the polished surfaces are in contact
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with each other, a bonded structure with high bonding
strength can be produced. Annealing is preferably per-
formed in an inert or reducing atmosphere. If annealing
is performed at a temperature below 200°C, the bonding
strength is weakened and electrical characteristics at
the junction are poor. On the other hand, if annealing
is performed at a temperature higher than the melting
point of the compound semiconductor, the condition is
the same as that produced in fusion bonding. Then,

a thick interlayer is formed at the bonded portion,
more crystal defects form, and electrical character-
istics at the junction are poor. Therefore, although
the adequate annealing temperature depends on the type
of compound, it is usually from 300 to 600°C.

When a difference in the thermal expansion coef-
ficient between the compound semiconductor substrates
to be bonded is large, the substrates may crack during
annealing. 1In order to prevent cracking of the sub-
strates, it is preferable that the difference in thermal
expansion coefficient between the compound semiconductor
substrates be below 2 x 10—6/°C.

Combinations of different types of semiconductor
substrates include GaAs/InP, ZnS/GaAs, InP/InSb, GaP/InP
and CdS/InP. Combinations of the same types of semicon-
ductor substrates include GaAs/GaAs and InP/InP. When
the conductivity type, the impurity concentration and
the formation portion of the impurity portion are pro-
perly selected, various types of diodes and transistors
can be produced.

A mechanism of bonding the compound semiconductor
substrates according to the present invention is not yet
clearly known in detail. However, the natural oxide
film formed on the surface of the substrate during wash-
ing and drying of the substrate and before contacting
is assumed to play an important role. 1In the case of
GaAs, for example, the thickness ?f the natural oxide

film is confirmed to be 10 to 30 A by Lukes (Surface
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Sci. vVol. 30, (1972) p9l). When two kinds of semicon-
ductor substrates are brought into contact with each
other, they are supposed to be firmly bonded with each
other through the Hzo‘molecules adsorbed in the natural
oxide film by hydrogen bonds. It is confirmed that,

if mirror-polished surfaces of semiconductor substrates
are brought into contact with each other in a vacuum,
the substrates can be bonded to each other. It is thus
deduced that the bonding force does not depend only on
atmospheric pressure. It is assumed that, when the
temperature of the bonded semiconductor substrates is
increased, dehydration condensation will occur and
constituent atoms of the semiconductor substrates will
be bonded to each other through oxygen. Since exces-
sive oxygen at the bonded interface is diffused in the
substrates by annealing, alignment at the interface is
improved, thereby providing more stable electrical char-
acteristics. Condensation of oxygen was not detected
by actually checking a bonded interface with an X-ray
microanalyzer. This is attributable to the fact that
the oxygen condensed layer vanished by oxygen diffusion
into the bulk, or it is so thin that it cannot be
detected by an X-ray microanalyzer having a resolution
of 1 to 2 ym.

According to the present invention, compound semi-
conpductor substrates having given impurity concentrations
and conductiviﬁy types can easily be bonded, electrical-
ly and mechanically, with each other to provide a bonded
structure. Since a high temperature step for fusing
the substrate is not used in bonding of the substrates,
crystal defects and formation of an interlayer at the
bonded interface do not occur, thereby providing a
bonded structure with good electrical characteristics.
It is difficult to manufacture high-speed elements,
elements with a high breakdown voltage, highly efficient
solar cell, or photodiodes having a sensitivity within a
wide wavelength range using only the epitaxial growth
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in accorance with the present inven-

According to

the present invention, compound semiconductor substrates

are bonded with each other at room temperature, and then

annealed.

face which is

Therefore, degradation of the bonded inter-

inherent in the compound semiconductor

device formation process can be prevented.

This invention can be more fully understood from

the following

detailed description when taken in

conjunction with the accompanying drawings, in which:

Figs. 1A
manufacturing
Figs. 2A
manufacturing
Figs. 3A
manufacturing
Figs. 4A
manufacturing
of Example 4;
Figs. 5A

manufacturing

to 1C are sectional views showing the
process of the device of Example 1;

to 2C are sectional views showing the
process of the device of Example 2;

to 3C are sectional views showing the
process of the device of Example 3;

to 4F are sectional views showing the
process of the static induction transistor
and

to 5C are sectional views showing the

process of the device of Example 5.

Embodiments of the present invention will now be

described with reference to the accompanying drawings.

Example 1

As shown

concentration

in Fig. 1A, a mirror-polished Si doped
(111) n-type GaAs substrate 11 having an impurity

of 1016/cm3, and a mirror-polished Zn
doped (111) p-type InP substrate 12 having an impurity

of lOla/cm3 were prepared. The substrates

concentration

11 and 12 were degreased in boiling trichlene.

Then,

substrate 11 was immersed in concentrated boiling

hydrochloric acid for two minutes, washed with water

and dried by a spinner.

a solution of

Substrate 12 was immersed in

H.O=1 : 1 :

H.SO 2 4 (volume

250, ¢ Hy05 ¢

ratio) for two to three minutes, washed and then dried

by a spinner.

After the above treatment, substrates 11

and 12 were brought into contact and bonded with each
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other in a clean room of class 1, as shown in Fig. 1B.
The resultant bonded structure was annealed in a hydro-
gen furnace at a temperature of 450°C for one hour to
provide a firmly bonded structure.

The bonded substrate structure was cut into a
square with 3 mm sides, using a diamond blade. An AuBe
electrode 14 was deposited on substrate 12 as shown in
Fig. 1C. Then, an AuGe alloy piece was placed on sub-
strate 11 and heated at 500°C for 30 minutes to provide
AuGe electrode 13.

When V-I characteristics of the obtained diode were
measured with a curve tracer, good diode characteristics
were evident.

Example 2

As shown in Fig. 2A, mirror-polished n-type GaP

substrate 21 having an impurity concentration of

1014/cm3, and mirror-polished p-type InP substrate

18 3

22 having an impurity concentration of 107 /cm™ were

. prepared. Both substrates 21 and 22 have crystal

orientations (100). Substrates 21 and 22 were degreased
by treatment with boiling trichlene, replacement with
ethanol and washing with water. Then, the substrates 21
and 22 were immersed in a solution of H202 : HZSO4 : HZO
=12: 4 : 1 (volume ratio) for one minute, and washed
quickly. After the above treatment, substrates 21 and
22 were brought into contact and bonded with each other
in a clean room of class 1, as shown in Fig. 2B. The |
resultant bonded structure was annealed in a hydrogen
furnace at a temperature of 450°C for one hour to
proéide a firmly bonded structure.

As shown in Fig. 2C, an AuGe alloy was deposited on
substrate 21, and then an AuZn alloy was deposited on
substrate 22, of the resultant bonded structure, and the
structure was annealed at 400°C for one hour to provide
ohmic electrodes 23 and 24.

The diode obtained was confirmed, by curve trac-

er, to exhibit good diode characteristics. The diode
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exhibited a forward direction temperature characteristic
substantially coincident with a predicted value.
Example 3 '

As shown in Fig. 3A, mirror-polished n-type InP
substrate 31 having an impurity concentration of
1015/cm3, and a mirror-polished p-type InSb substrate
32 having an impurity concentration of lOla/cm3 were
prepared. Substrates 31 and 32 were degreased by
treatment with boiling trichlene and replacement with
ethanol. Thereafter, the surface of substrate 31 was
cleaned in accordance with the same steps as in Example
2. Substrate 32 was immersed in concentrated phosphoric
acid for one minute, washed with water and dried by
spinner. The mirror-polished surfaces of substrates 31
and 32 were brought into contact with each other in a
clean room of class 1, as shown in Fig. 3B, and then
annealed in a hydrogen furnace at a temperature of 400°C
for one hour.

As shown in Fig. 3C, AuGe alloy lattice-shaped
electrode 33 was formed on substrate 31, and then AuZn
alloy electrode 34 was formed on the entire surface of
substrate 33 of the resultant bonded structure, thereby
completing the formation of a photodiode.

The obtained photodiocde was cooled by liquid nitro-
gen and its photovoltaic characteristic was measured.

As a result, a photovoltaic effect was observed in a
light with a wavelength of up to about 6 um.
Example 4

In the above Examples, conductive substrates of
different materials having different conductivity
types were used to manufacture a photodiode. However,
according to Example 4, a static induction transistor
was manufactured using substrates of the same type.

As shown in Fig. 4A, mirror-polished n —type GaAs
substrate 41 having an impurity concentration of 1014/cm
and mirror-polished n-type GaAs substrate 42 having an

0l8 3

impurity concentration of 1 /cm” were prepared. The
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substrates 41 and 42 were degreased in boiling trich-
lene, boiled in concentrated hydrochloric acid for two
minutes, washed with water and dried by a spinner. The
mirror-polished surfaces of substrates 41 and 42 were
brought into contact with each other in a clean room of
class 1, as shown in Fig. 4B, and annealed in a hydrogen
furnace at a temperature of 500°C for one hour, thereby
providing a firmly bonded structure. Substrate 41 of
the bonded structure was polished to a thickness of
60 ym. Be was ion-implanted into substrate 41 to form
p-type buried gate layer 43 having an impurity concent-
ration of about 1 x 1018/cm3
Then, as shown in Fig. 4D, mirror-polished n -type

. as shown in Fig. 4C.

GaAs substrate 44 was bonded to a surface of the layer
43 of the bonded structure. Bonding together with a
pretreatment of the substrate before bonding was per-
formed under conditions similar to those in the first
bonding step. The obtained structure was annealed
in a temperature (800°C for 30 minutes) sufficient to
activate the previously ion-implanted Be.

As shown in Fig. 4E, the substrate 44 was polished
to a thickness of about 10 pym. An n-type GaAs layer 45
having an impurity concentration of about 1 x lOls/cm3
and a thickness of about 0.5 ym was epitaxially formed
on the substrate 44. As shown in Fig. 4F, mesa-etching
was performed‘in accordance with dry etching to expose
layer 43, and an AuGe alloy was deposited on the upper
and lower surfaces of the structure. The obtained
structure was annealed at a temperature of 400°C in
an inert gas, thus forming drain electrode 48, source
electrode 46 and gate electrode 47. ,

The obtained static induction transistor exhibited
a breakdown voltage of more than 600 V. The bonded in-
terfaces were annealed after bonding so that the inter-
face of GaAs was not degraded by annealing. Therefore,
degradation in electrical characteristics such as de-
creased breakdown voltage and increased forward voltage
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drop were not observed.
Example 5
As shown in Fig. 5A, mirror-polished Sn doped
n-type InP substrate 51 having an impurity concentra-
tion of 2 x lOls/cmB, and mirror-polished Zn doped p-type
InP substrate 52 having an impurity concentration of
5 x 1018/cm3 were prepared. Both substrates 51 and
52 have a crystal orientation (100), a diameter of 2
inches and a thickness of 300 uym. Substrates 51 and
52 were degreased in boiling trichlene which was then
substituted with ethanol. Then, substrates 51 and 52
were treated by a solution of HZSO4 : H202 : HZO =
4 : 1 : 1 (volume ratio) at 30°C for one minute, washed
with water and dried by a spinner. Substrates 51 and
52 were brought into contact with each other in a
clean room of class 1, as shown in Fig. 5B, so that the
mirror-polished surfaces thereof bonded with each other.
An AuGe alloy was deposited on substrate 51, and an
AuZn alloy was deposited on substrate 52 of the resultant
bonded substrate, which was then annealed at 400°C for 15
minutes to provide ohmic electrodes 53 and 54 as shown in
Fig. 5C.
The obtained pn junction diode was cut to a pellet
having 3 mm sides, and V-I characteristics thereof were
confirmed, by curve tracer, to exhibit good diode char-

acteristics having a high breakdown voltage.
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Claims:

1. A method of manufacturing a compound semicon-
ductor device, comprising the steps of:

mirror-polishing a surface of each of two compound
semiconductor substrates (11, 12);

bringing the mirror-polished surfaces of the two
compound semiconductor substrates (11, 12) in contact
with each other in a clean atmosphere and in a state
wherein substantially no foreign substances are present
therebetween; and

annealing the compound semiconductor substrates
(11, 12) which are in contact with each other so as to
provide a bonded structure.

2. A method according to claim 1, characterized
in that the compound semiconductor substrates (11, 12)
comprise compound semiconductors of different types.

3. A method according to claim 2, characterized in
that a combination of the compound semiconductors is a
member selected from the group consisting of GaAs/InP,
ZnS/GalAs, InP/InSb, GaP/InP and CdS/InP.

4, A method according to claim 1, characterized
in that the compound semiconductor substrates (41, 42)
comprise a compound semiconductor of the same type.

5. A method according to claim 4, characterized
in that the compound semiconductor is a member selected
from the group consisting of GaAs and InP.

6. A method according to claim 1, characterized in
that the compound semiconductor substrates (11, 125 have
different conductivity types, and a pn junction is
formed at a bonded interface thereof.

7. A method according to claim 6, characterized
in that the compound semiconductor device comprises a
diode.

8. A method according to claim 1, characterized
in that the compound semiconductor substrates (41, 44)
have the same conductivity types, an impurity region
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(43) having a conductivity type opposite that of the
substrates (41, 44) is formed on a part of the polished
surface of the one of the two substrates (41, 44), and a
pn junction is formed at an interface of the impurity
region and another of the substrates (41, 44).

9. A method according to claim 1, characterized in
that the mirror-polished surfaces have a roughness of
not more than 500 i. |

10. A method according to claim 1, characterized
by further comprising the step of cleaning the mirror-
polished surfaces.

11. A method according to claim 1, characterized in
that the substrates (11, 12) are annealed at a tempera-
ture of not less than 200°C, but below the melting point
of the compound semiconductors.

12. A method according to claim 11, characterized
in that the substrates (11, 12) are annealed at a tem-
perature of 300 to 600°C.
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